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Introduction {#sec0005}
============

Porcine circovirus type 2 (PCV2) is a small non-enveloped virus, with a single-stranded circular DNA genome[@bib0195] and is the primary causative agent of a complex syndrome in domestic pigs called porcine circovirus disease (PCVD).[@bib0200], [@bib0205] Several clinical presentation forms of PCVD have been reported worldwide, all exhibiting multisystem clinical manifestations, such as reduced weight gain in piglets as well as respiratory, enteric, renal, vascular and dermatological disorders.[@bib0205], [@bib0210] The pathogenic mechanisms underlying PCV2 infection and the clinical findings for PCVD remain unclear.

In addition to the effects of PCV2 on the immune system, endothelial cell alterations and vascular system disturbances could be (at least partially) implicated in the pathogenesis of PCVD,[@bib0215] particularly in cases of pneumonia, dermatitis and necrotizing lymphadenitis. This hypothesis is supported by several previous pathological findings[@bib0220], [@bib0225], [@bib0230], [@bib0235] that proved the importance and high frequency of vasculitis cases in swine with PCVD. Recently, some seminal reports highlight the involvement of vascular lesions/alterations in the pathogenesis of some PCVD presentations.[@bib0240], [@bib0245], [@bib0250]

It is important to consider that even a non-cytopathic virus such as PCV2 can disrupt several organ systems and cause severe lesions as a result of slight alterations (caused by virus-induced cell changes) to the finely-balanced physiological processes. This becomes more important when the virus-altered endothelial cells and play an essential role in several key physiological processes (e.g. immune migration and cell nutrition).[@bib0255], [@bib0260], [@bib0265]

It has been previously demonstrated that PCV2-infected endothelial cells display an activated and prothrombotic phenotype, leading to vascular leakage, leukocyte migration, tissue inflammation and necrosis associated with PCVD clinical findings.[@bib0215] These processes are finely regulated through several endothelial cell signaling systems and mediators such surface molecules, as adhesins and junction proteins, which in turn modulate cell-to-cell signaling, and consequently cell migration, fluid leakage and chemotaxys.[@bib0260], [@bib0270], [@bib0275] In this sense, studies that address the phenomena induced by PCV2 infection of endothelial cells should improve the understanding of viral pathogenesis. Therefore, the aim of this study was to investigate the effects of PCV2 infection on endothelial cells, focusing on cell viability and the expression of adhesion/junction molecules.

Material and methods {#sec0010}
====================

Virus strain {#sec0015}
------------

The PCV2b strain used in this work was isolated in 2006 from kidneys of naturally infected piglets from Rio Grande do Sul state (Southern Brazil) before the introduction of PCV2 vaccines in Brazil.[@bib0215] This strain was isolated from animals showing the classical triad of clinical findings indicative of PCVD[@bib0280]: clinical signs -- wasting, reduced weight gain, diarrhea, dermatitis; characteristic lesions -- lymph node atrophy with lymphoid depletion and histiocytic replacement of follicles in lymphoid tissues, dermatitis and vasculitis, and pale kidney with diffuse cortical white foci; PCV2 presence confirmed by immunohistochemistry and PCR. Additionally, the isolated viral inoculums were negative for other pathogens, such as pestivirus, swine parvovirus, influenza A virus, Torque-Teno virus, porcine reproductive and respiratory syndrome virus (PRRSV) and *Mycoplasma* spp.[@bib0215]

Molecular analysis {#sec0020}
------------------

Total DNA was extracted from viral inoculum and cells using size-fractionated silica particles according to a previously described protocol.[@bib0285] TaqMan™ qPCR was conducted to confirm and quantify PCV2 infection according to a protocol previously described,[@bib0290] using the ABI Prism 7300 detection system and sequence detection software (Applied Biosystems, Forster City, CA, USA). The quantification was expressed as virus copies.

Cell cultures {#sec0025}
-------------

Primary cell cultures of swine testicle (ST) cells were generated as previously described.[@bib0295] Briefly, testicles from healthy piglets were aseptically removed and further processed in a laminar flow hood where the testicles were minced into small pieces, washed and digested with 0.25% trypsin. The resulting cells were cultured in Dulbecco\'s Modified Eagle Medium (DMEM) containing 10% fetal calf serum (FCS), penicillin (200 U/mL) and streptomycin (200 mg/L), and maintained at 37 °C and 5% CO~2~.

EAhy926 cell line (derived from human endothelial cells) was used as a model to study the effects of PCV2 on endothelial cells (as previously reported).[@bib0215] The cell lines PK-15 (porcine kidney cells), Vero (African green monkey kidney cells) and HEK293 (human embryonic kidney cells) were also used in this work. Cells were cultivated in DMEM containing 10% FCS, penicillin (200 U/mL) and streptomycin (200 mg/L) at 37 °C in a 5% CO~2~ atmosphere. Medium for EAhy926 cells was supplemented with 100 mM hypoxanthine, 0.4 mM aminopterin and 10 mM thymidine (HAT) as previously described.[@bib0300] All cells used in this work were free of PCV1 contamination, as confirmed by routine molecular analysis.

PCV2 infection in cultured cells {#sec0030}
--------------------------------

Cells were seeded into 25-cm^2^ cell culture flasks and after a 24 h incubation period at 37 °C in 5% CO~2~ atmosphere, the culture medium was discarded and the cells (≈80% confluence) were inoculated with PCV2 (2 log~10~ virus copies, as determined by qPCR) or an equal volume of DMEM (control cultures). After 1 h, the supernatant was discarded and DMEM containing 3% FCS was added.

PCV2 infection and replication in cultured cells was confirmed and quantified by qPCR analysis. At 72 h after infection of EAhy926 cells, PCV2 viral load (DNA copies) was more than 15 times higher than initial viral load (1 h after infection) in all set of experiments used in this work, which confirmed PCV2 replication in endothelial cells. As a rule, for other cell lines and ST cells, PCV2 viral load also increase at least three times at 72 h after post-infection (compared to initial viral load, 1 h after infection) in all set of replicates used in this work.

Cells used for flow cytometry analysis were prepared as follows. After incubation time (36 or 72 h), medium was discarded, cells washed with sterile phosphate-buffered saline (PBS) solution and detached from the flask by trypsin (for 2 min at 37 °C). DMEM containing 10% FCS was added to cell flasks, the cell suspension centrifuged at 900 × *g* for 10 min, the supernatant was discarded and cell pellet resuspended in sterile PBS at 80 cells/μL. Immediately after this procedure, cells were analyzed by flow cytometry.

Cell viability assay {#sec0035}
--------------------

Cell viability was evaluated by flow cytometry using the Guava ViaCount Reagent (EMD Millipore Corporation, Billerica, MA, USA) and flow cytometry analysis of cell viability was performed using a Guava^®^ EasyCyte™ Plus Flow Cytometer (Guava Technologies, Hayward, CA, USA). Results were expressed as the percentage of viable cells from the analyzed cells/events (minimum 20,000 events/technical replicate) and were the mean of twelve replicates.

Expression of cell adhesion and cell junction molecules {#sec0040}
-------------------------------------------------------

Immunophenotyping by flow cytometry was used to evaluate the expression of cell adhesion/junction molecules for EAhy926 endothelial cells using the following antibodies (antibody diluted according to the manufacturer instructions): phycoerythrin (PE)-conjugated monoclonal anti-CD54 (ICAM-1) antibody (source rat, class IgG2bκ, assay concentration 0.1 μg of antibody per 10^6^ cells), PE-conjugated monoclonal anti-CD106 (VCAM-1) antibody (source rat, class IgG1κ, assay concentration 0.2 μg of antibody per 10^6^ cells), PE-conjugated monoclonal anti-CD62P (P-selectin) antibody (source mouse, class IgG1κ, assay concentration 1 μg of antibody per 10^6^ cells), fluorescein (FITC)-conjugated monoclonal anti-ZO-1 (tight junction protein zonula occludens 1) antibody (source mouse, class IgG1, assay concentration 2 μg of antibody per 10^6^ cells), and FITC-conjugated monoclonal anti-occludin antibody (source mouse, class IgG1κ, assay concentration 2 μg of antibody per 10^6^ cells). All antibodies were purchased from Thermo Fisher Scientific Inc. Antibodies were kept protected from light at 4 °C and were diluted some minutes before flow cytometry assays.

Cells were incubated with antibodies for 20 min at 4 °C in the dark and flow cytometry analysis of protein expression was performed using a Guava^®^ EasyCyte™ Plus Flow Cytometer (Guava Technologies, Hayward, CA, USA). Results were expressed as percent positive cells of analyzed cells/events (minimum 30,000 events/technical replicate) or as mean cell fluorescence intensity comparing the control with the infected cells (from nine replicates).

Data analysis {#sec0045}
-------------

Data from flow cytometry was analyzed with the CytoSoft™ software version 5.0 (Guava Technologies, Hayward, CA, USA) and results expressed as mean ± SEM of *n* replicates. Statistical significance of results was analyzed using the Students *t*-test for unpaired samples or one-way analysis of variance (ANOVA) with a Tukey post hoc test. The statistical analyses were conducted using GraphPad Prism 3.0 software (GraphPad Software Inc., San Diego, CA, USA) and *p* ≤ 0.05 was considered statistically different.

Results {#sec0050}
=======

Cell viability assay {#sec0055}
--------------------

Preliminary experiments suggested PCV2 infection resulted in a slight reduction in the viability of EAhy926 cells, although no cytopathic effect (CPE) could be observed. Though it was uncommon for other cell lines to be infected with PCV2, we infected other classical cell lines and measured their cell viability in comparison with EAhy926 cells. EAhy926, PK-15, Vero, HEK293 and primary swine testicle (ST) cell cultures were inoculated with PCV2 and 36 and 72 h post-infection PCR analysis confirmed that PCV2 infected all cell types (data not shown). Cell viability was measured by flow cytometry at 72 h post-infection. Viral infection did not alter viability of PK-15, Vero, HEK293 and ST cells, while PCV2 infection reduced the viability of EAhy926 endothelial cells by ∼25% compared to uninfected EAhy926 cells (control) (*p* = 0.012). Results are summarized in [Fig. 1](#fig0005){ref-type="fig"}.

Expression of cell adhesion and cell junction molecules {#sec0060}
-------------------------------------------------------

Expression of endothelial cell adhesion molecules (ICAM-1, VCAM-1 and P-selectin) was evaluated in EAhy926 endothelial cells after PCV2 infection. Viral infection did not alter VCAM-1 (CD106) or P-selectin (CD62P) expression on endothelial cells either at 36 and 72 h post-infection (p.i.) (data not shown). Number of endothelial cells expressing ICAM-1 (CD54) was significantly increased by ∼80% at 36 h p.i. in PCV2-infected EAhy926 cells (*p* \< 0.01) ([Fig. 2](#fig0010){ref-type="fig"}). At 72 h p.i., ICAM-1 positive cells were slightly increased though the difference was not statistically different from uninfected cells (control) ([Fig. 2](#fig0010){ref-type="fig"}).

Expression of cell junction molecules was also investigated in PCV2-infected EAhy926 endothelial cells. At 72 h p.i., PCV2 infected endothelial cells showed a ∼57% increase in ZO-1 expression (mean cell fluorescence intensity) and a ∼23% increase in the number of cells expressing ZO-1 ([Fig. 3](#fig0015){ref-type="fig"}A and B). There were no changes in occludin expression in PCV2-infected endothelial cells at either 36 or 72 h p.i. (data not shown).

Discussion and conclusions {#sec0065}
==========================

Endothelial cells, as wells as the vascular system, play a key-role in several viral infections.[@bib0255], [@bib0265] A recent comprehensive review focusing on porcine circovirus 2 (PCV2)-associated lesions indicates that vascular changes are found (to varying degrees) in nearly all organ systems, and concludes that infection of endothelial cell by PCV2 and the associated vascular changes appear to be very significant for the pathogenesis of porcine circovirus disease (PCVD).[@bib0250] This observation was consistent with the study by Szeredi and co-workers[@bib0245] which indicates that detection of PCV2 positively correlates with the presence of the vascular lesions in swine lungs. Also noteworthy are the increasing reports of acute pulmonary edema (APE), a novel PCVD presentation in North America, which shows fibrinoid necrosis of the blood vessel wall.[@bib0305]

Results of this study confirmed that PCV2 did not induce cell death in classical cell lineages used for virological studies, which was consistent with previous studies where PCV2 infection usually did not interfere with cell viability.[@bib0310], [@bib0315] However, PCV2 infection significantly reduced cell viability of the endothelial EAhy926 cell line. Although it was an in vitro result, it is reasonable to hypothesize that it could occur during natural infection in swine, resulting in a considerable impact on PCV2 pathogenesis and leading to findings previously associated with PCVD, such as activation of endothelium, degeneration of endothelial cells, perivascular and intramural edema, necrosis of endothelium, necrotizing lymphohistiocytic and plasmacytic vascular lesions, vasculitis, perivasculitis, arteritis, widespread petechiae, thrombosis, massive fibrin deposition, microvascular thrombosis in kidneys and mesentery, obliterated blood vessels, alveolar hemorrhage, hypertrophy and hyperplasia of venules, and endothelial hypertrophy.[@bib0215], [@bib0250] Since endothelial integrity is necessary for proper functioning of all organs and body systems, disruption of the endothelium could be linked to several typical multisystemic PCVD lesions, suggesting a key role for endothelial cells in the pathogenesis of PCV2.

A vital role of the endothelium in the regulation of leukocyte infiltration into tissues depends on the expression of adhesion and junction proteins. Two major types of proteins regulate cell migration process across endothelium, adhesins (which participate in leukocyte attachment, rolling, arrest, spread and finally cell emigration) and junction proteins (which regulate the intercellular space traffic). The primary adhesins involved in leukocyte extravasation are part of the immunoglobulin superfamily (ICAM and VCAM) and the selectin family, while junction proteins include tight junction protein zonula occludens 1 (ZO-1) and occludin. As a general rule, an increase in adhesin expression and a reduction in junction protein expression favor cell extravasation, while the opposite impairs extravasation.[@bib0320], [@bib0325], [@bib0330] As leukocyte migration into tissues is a key process involved in viral infection, it can influence viral pathogenesis and the clinical outcome.[@bib0335] Indeed, modulation of adhesion/junction molecules expression and leukocyte migration during virus infection is demonstrated for several other viral infections.[@bib0340], [@bib0345]

This study showed that 36 h after PCV2 infection, there were an increased number of endothelial cells expressing ICAM-1, one of the major molecules involved in leukocyte migration and tissue inflammation. Apparently, this result is paradoxical to the increased ZO-1 expression at 72 h post-infection. In light of these data, PCV2 infection of endothelial cells was hypothesized to have a dual/biphasic effect. Initially, leukocyte recruitment/extravasation to tissues was favored and induced the characteristic PCVD inflammatory lesions followed by a phase where viral infection caused an increase in the number of cell-cell junctions, negatively affecting leukocyte emigration and the development of an adequate immune response in peripheral tissues. It is important to note that this does not mean that these phenomena occurred sequentially during PCV2 infection, rather as dynamic processes which occurred concurrently in different swine tissues, since PCV2 infection of endothelial cells was presumed to be an ongoing process in infected swine.

This hypothesis of cell adhesion and leukocyte migration modulation during PCV2 infection is supported by a microarray analysis study which demonstrates that the main genes regulated by infection are those involved in cell adhesion and migration.[@bib0350] Additionally, positive/negative modulation of endothelial adhesion molecules and leukocyte migration is not an uncommon finding during viral infections, and has been demonstrated to occur during other viral infections such as measles,[@bib0340] West Nile virus,[@bib0345], [@bib0355] Dengue,[@bib0360] Japanese encephalitis virus,[@bib0365] human immunodeficiency virus,[@bib0370] equine herpesvirus1[@bib0375] and classical swine fever virus.[@bib0380] Though this dual/biphasic effect hypothesis needs further in vivo evidence from swine with PCVD, it may help to explain, when associated with lymphoid depletion, the complex effects of PCV2 on the swine immune system.

These data, taken in conjunction with previously published work, demonstrated significant endothelial changes during the course of PCV2 infection seen as endothelial cell activation and thrombin formation,[@bib0215] decreased cell viability and the expression of adhesion/junction molecules. These endothelial changes resulting from viral infection may directly impact the inflammatory process of PCVD and disturbances of the vascular and immune systems. It is reasonable to conclude that among the wide range of effects induced by PCV2, endothelial modulation can be a pivotal process which could explain (at least partially) PCV2 pathogenesis in some PCVD presentations.
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![Viability of PCV2-infected cells assessed by flow cytometry. EAhy926, PK-15, Vero and HEK293 cell lines and primary cell culture of swine kidney (ST) were infected with 2 log~10~ virus copies and cell viability assessed 72 h post-infection. Results are expressed as mean ± SEM of twelve biological replicates of uninfected control cells (open bars) and PCV2-infected cells (black bars). Statistical analysis was performed using Student\'s *t*-test for unpaired samples, comparing infected and non-infected cells (\**p* \< 0.05).](gr1){#fig0005}

![ICAM-1 expression in EAhy926 endothelial cells. ICAM-1 (CD54) expression was assessed by flow cytometry after infection of EAhy926 cells with 2 log~10~ virus copies. Results are expressed as mean ± SEM of nine biological replicates. Statistical analysis was performed using the one-way analysis of variance (ANOVA) followed by Tukey post hoc test. Different letters indicate statistically significant differences (*p* \< 0.05).](gr2){#fig0010}

![ZO-1 expression in EAhy926 endothelial cells. ZO-1 expression was assessed by flow cytometry after EAhy926 cells infection with 2 log~10~ virus copies. Panel A, number of cells expressing ZO-1. Panel B, expression of ZO-1 molecules/cell by mean cell fluorescence intensity. Results are expressed as mean ± SEM of nine biological replicates. Statistical analysis was performed using the one-way analysis of variance (ANOVA) followed by Tukey post hoc test. Different letters indicate statistically significant differences (*p* \< 0.05).](gr3){#fig0015}
